Abstract Gene divergence has given rise to the galectin family of mammalian lectins. Since selective binding to distinct -galactosides underlies the known bioactivities of galectins, they could Wnd application in cyto-and histochemistry. The pertinent question on the characteristics of their individual reactivity proWles therefore needs to be answered. Toward this end, comparative studies of a panel of galectins in deWned systems are required. We here characterise the staining proWles of seven human lectins as well as Wve natural derivatives originating from proteolytic truncation and serine phosphorylation and one engineered variant. As test system, bovine germinal vesicle oocytes with their glycoprotein envelope (zona pellucida), which presents bi-to tetraantennary complex-type N-glycans with N-acetyllactosamine repeats and core fucosylation, were processed. Technically, confocal laser scanning microscopy was used, Wrst with plant lectins to map the sialylation status. Hereby, 2,3/6-sialylation was detected in the superWcial Wlamentous meshwork of the zona pellucida, while sialic acid-free glycan chains were found to characterise the main inner part of the compact layer of the zona pellucida. Galectin staining was speciWc and non-uniform. SigniWcant diVerences in reactivity were detected for the superWcial Wlamentous meshwork and the compact layer of the zona pellucida between galectins-1 to -4 versus galectins-8 and -9. The typical staining proWles intimate a spatially organised display of N-glycans in the diVerent layers of the zona pellucida, underscoring the potential of galectins as cytoand histochemical tools. Our results encourage further comparative analysis and research to trace the underlying structural and/or topological properties.
Introduction
Glycosylation of protein and lipid carriers is no longer viewed as merely inXuencing their physico-chemical properties. In fact, glycans have the capacity for high-density information coding, the basis of the concept of the sugar code (Gabius 2009 ). As a consequence, the template-free synthesis of the sugar part of cellular glycoconjugates is far from being a random process, with intricate regulatory mechanisms to produce characteristic spatiotemporal patterns being operative instead (Buddecke 2009; Kopitz 2009; Patsos and CorWeld 2009; Zuber and Roth 2009 ). Genetic factors e.g. in diVerentiation or tumour suppression, elicitors of cellular activation e.g. in T-cell communication and distinct topological forms of presentation on membranes e.g. in microdomains have been tracked down to modulate and Wne-tune glycan functionality, encompassing dynamic structural remodelling and, of note, the orchestrated interplay with endogenous sugar receptors, among them lectins Wang et al. 2009; Kopitz et al. 2010) . This background explains the growing interest to map the glycomes of cells and tissues, in analogy to the systematic investigations of genomes and proteomes.
Histochemically, plant lectins are being used toward this end (Roth 1996) . Due to the increasing access to mammalian lectins by recombinant production, it is becoming possible to apply them for this purpose, with the long-term perspective of gaining functionally relevant information (Gabius 2011) . Respective work has recently been initiated for members of the family of adhesion/growth-regulatory galactoside-binding lectins with -sandwich folding, i.e. the galectins (Smetana et al. 2006; Szabo et al. 2009 ). ReXecting the conservation of key sequence traits in galectins, they all have rather similar aYnity to the physiological disaccharide N-acetyllactosamine (LacNAc) (Dam et al. 2005) . However, emerging insights reveal the capacity of galectins to sense Wne-structural features of oligosaccharides and their modes of presentation in glycoconjugates in terms of density, sialylation status and type of scaVold, e.g. in the case of galectin-3 (Krzeminski et al. 2011 ). Therefore, a pertinent question along the route to establish them in routine histological analysis is whether and to what extent the intrafamily sequence divergence will translate into diVerences of reactivity in the staining of cytological and histological specimens. In other words, it is presently unclear whether galectins, when tested under identical conditions, will produce comparable or diVerent staining patterns. In order to answer this question, we Wrst set up a panel of human galectins from their three structural subgroups (Villalobo et al. 2006; Schwartz-Albiez 2009) . Explicitly, we selected homodimeric (proto-type) galectins-1, -2 and -7, the chimera-type galectin-3 including its physiological variants after serine phosphorylation or proteolytic truncation as well as tandem-repeat-type galectins-4, -8 and -9. Of note, all these proteins have a native molecular mass between 29 and 36 kDa and similar hydrodynamic behaviour (Göhler et al. 2010) , precluding a bias by largely disparate spatial features. For this panel of galectins, a structurally complex but biochemically well-deWned extracellular matrix with proven reactivity for plant lectins will be a suitable test model. The glycan-rich zona pellucida (ZP), constituted by only up to four diVerent glycoproteins with an intricate three-dimensional structure and zonal segregation (Sinowatz et al. 2001; Habermann and Sinowatz 2009) , fulWls this prerequisite.
The ZP is an extracellular envelope of oocytes, composed of a broad compact layer (CL) and a thin superWcial Wlamentous meshwork (SFM) (Fig. 1a) . Focussing on the bovine ZP, the structures of its N-glycans are known and separated into neutral (23%) and acidic (77%) fractions. The complex-type portion is made up of sialylated bi-, tri-and tetraantennary chains (ratio 7:20:13, without/with LacNAc repeats), which harbour core fucosylation (Katsumata et al. 1996; Ikeda et al. 2002) . Notably, the presence of this stem substitution is known to aVect lectin binding (Unverzagt et al. 2002; André et al. 2009 ). This also holds true for the type of branch-end sialylation, which originates from the branch speciWcity of the involved sialyltransferase and the degree of branching (Joziasse et al. 1987; van den Eijnden 2000) . As to bioreactivity of the bovine ZP, sperm-binding capacity was found to reside in both neutral and acidic fractions, in the latter for glycans with 2,3-sialylation based on inactivation by desialylation and Maackia amurensis I agglutinin (MAA-I; Amari et al. 2001; Velásquez et al. 2007 ). These Wndings directed our interest to Wrst deWne the topological patterns of distribution of sialylated epitopes, using plant lectins with diVerent binding speciWcities for sialylated glycans (Table 1) .
In detail, 2,3/6-sialylated determinants, which are biologically non-synonymous carbohydrate signals (Zuber and Roth 2009) , were distinguished by respective lectins, Xanked by the independent detection of clustered Tn antigen to exclude cross-reactivity (Table 1) . Sialylation was furthermore mapped by wheat germ agglutinin (WGA), as previously done for human oocytes (Talevi et al. 1997) . Its succinylated derivative (sWGA) was added as internal control to distinguish binding to sialic acid from reactivity with N-acetylglucosamine (for an overview on sugar speciWcity, please see Table 1 ). Technically, we introduce confocal laser scanning microscopy to the analysis of lectin staining of bovine germinal vesicle (GV) oocytes. Following this part with plant lectins, we next applied the described panel of galectins, which were rigorously tested for retained carbohydrate-binding activity, under identical conditions. The obtained results characterise the staining behaviour of the individual galectins. Hereby, our data set a standard by deWning similarities and disparities in direct comparison and proWle the galectin reactivity for bovine GV oocytes and their ZP.
Materials and methods

Lectins
Viscum album agglutinin (VAA) was isolated from extracts of dried mistletoe leaves using aYnity chromatography on lactosylated Sepharose 4B, obtained after activation of the resin by divinyl sulfone, as crucial step (Gabius et al. 1992) . The other plant lectins listed in Table 1 were obtained as biotinylated (MAA-I, SNA) or Xuorescent (SBA, WGA, sWGA) proteins (Vector Labs, distributed by Axxora, Grünberg, Germany). Human galectins from recombinant production based on suitably tailored expression Fig. 1 Glycophenotyping of three-dimensionally preserved bovine germinal vesicle (GV) oocytes and the zona pellucida (ZP) by lectin staining and confocal laser scanning microscopy. a The scheme on the left represents a fully grown GV oocyte and the surrounding ZP. The latter is composed of two structurally distinct layers: a broad compact layer (CL) and a thin superWcial Wlamentous meshwork (SFM). A single optical section through a fully grown GV oocyte (right panel) illustrates the counterstain used for Xuorescence microscopy overlaid with a transmission scan image. The chromosomes within the GV, which has already migrated to the oocyte periphery, are visualised with DAPI (blue; arrow). Cortical F-actin of the oocyte (arrowhead) and F-actin Wlaments in cumulus cell projections (CCPs) are labelled with Xuorescent phalloidin (white). Transzonal CCPs contact the oocyte, while transverse branches of the CCPs form a spherical network (asterisk) associated with the SFM of the ZP. Scale bar 100 m. b Examples for proWles of lectin staining across the ZP in single optical sections: wheat germ agglutinin (WGA), galectin-3 (Gal-3) and Sambucus nigra agglutinin (SNA). Each panel presents an overlay of lectin Xuorescence shown in green and the F-actin counterstain pseudo-coloured in white (top), lectin staining alone (middle) and the radial proWle of Xuorescence intensity (bottom, FI = arbitrary units of Xuorescence intensity). The oocyte cortex is marked by an arrowhead, the spherical CCP network by an asterisk. Scale bar 10 m. c Exemplary illustration of three-dimensional aspects of lectin binding: intense staining of the CL and only weak signals in the SFM with WGA (left panel) and strong labelling of the SFM by SNA (right panel). Maximum intensity Z-projections were computed from about 150 serial optical sections spanning the entire ZP. The boxed areas are also presented at a higher magniWcation. Scale bars 100 m (overview images) or 10 m (enlarged views)
vectors were similarly puriWed from extracts of bacteria pellets, using a pre-packed Superose 12 HR 10/30 column (24 ml bed volume; GE Healthcare, Munich, Germany) connected to a HPLC system (Hitachi-Merck, Darmstadt, Germany) with 50 mM phosphate-buVered saline (PBS; pH 7.2) to remove any contaminations remaining after aYnity chromatography by gel Wltration (Saal et al. 2005; Lohr et al. 2008; Solís et al. 2010 ). In addition, special care was exercised to remove any traces of contamination by lipopolysaccharide (Sarter et al. 2009 ). VAA and the galectins were routinely checked for purity by one-and two-dimensional gel electrophoresis, for absence of any substitutions or sequence alterations by mass spectrometric analysis including tryptic Wngerprinting (Kaltner et al. , 2011 . Full-length galectin-3 was proteolytically truncated (with cleavage at Tyr106/Gly107 and Glu229/Ile230 peptide bonds) by treatment with collagenase D from Clostridium histolyticum (Roche Diagnostics, Mannheim, Germany) or phosphorylated at Ser5/Ser11 by casein kinase-1 (New England Biolabs, Frankfurt, Germany) (Kübler et al. 2008) . Biotinylation was carried out under activity-preserving conditions with the N-hydroxysuccinimide ester derivative of biotin (Sigma, Munich, Germany), extent of labelling and identiWcation of conjugation sites was performed by mass spectrometry and the activity/speciWcity of the biotinylated proteins including the plant lectins were ascertained using hemagglutination, solid-phase assays with (neo)glycoproteins of diVerent sialylation status and staining of cell (CHO wild-type and Lec2/4/8 glycosylation mutant as well as three human tumour cell lines) preparations/tissue sections including inhibition controls by cognate and non-cognate mono-to tetrasaccharides as described previously (Gabius et al. 1985 (Gabius et al. , 1991 André et al. 2006; Kübler et al. 2008; Lohr et al. 2010; Solís et al. 2010 ).
Preparation of bovine oocytes
Fully-grown GV oocytes were isolated from ovaries of freshly slaughtered cows. Cumulus oocyte complexes were aspirated from 3-8 mm follicles and morphologically classiWed using a stereomicroscope. Only oocytes with a homogeneous cytoplasm surrounded by at least three compact layers of cumulus cells classiWed as IETS grade 1 and 2 (Leibfried and First 1979) were selected for further study. After mechanical removal of the cumulus cells by gentle pipetting, the oocytes were brieXy washed with PBS containing polyvinyl pyrrolidone (1 mg/ml; PBS/PVP), then Wxed with a solution of 1.3% (w/v) formaldehyde in PBS (pH 7.4) for 30 min at room temperature, a procedure deliberately selected to avoid the loss of cellular gangliosides (Schwarz and Futerman 1997) . After a brief wash in PBS/ PVP, the oocytes were kept in PBS/PVP at 4°C until further processing.
Lectin staining
Oocytes were gently permeabilised by incubation in 0.05% (v/v) Triton X-100 in PBS/PVP for 1 h at room temperature. Following a brief wash and treatment with the reagents of an avidin/biotin blocking kit (X0590; Dako, Hamburg, Table 1 Panel of plant lectins used for deWning distinct aspects of the glycophenotype of bovine oocytes Adapted and extended from Gabius (2001, 2009) a No monosaccharide known as ligand b Binding speciWc for type II LacNAc core (Knibbs et al. 1991) c Binding of type I LacNAc core preferred, 6-sulfation of GlcNAc in 2,6-sialylated LacNAc (types I/II) enhances aYnity (Chokhawala et al. 2008) d Succinylation of WGA (sWGA) reduces neuraminidase-sensitive cell (BHK 21C13) binding (Monsigny et al. 1980 Germany) to preclude carbohydrate-independent signal generation, the oocytes were then incubated with lectin-containing solutions at subsaturating concentrations of 10 g/ml (MAA-1, SNA, SBA, WGA, sWGA), 2 g/ml (VAA) or 20 g/ml (galectins) in PBS/PVP for 30 min at 37°C. After two thorough washes in PBS/PVP, binding of the biotinylated lectins was made visible by an incubation step with FITC-conjugated streptavidin (Vector Labs, distributed from Linaris, Wertheim-Bettingen, Germany). As counterstain, F-actin Wlaments were labelled with a solution containing 1 g/ml TRITC-conjugated phalloidin (Sigma) and DNA with DAPI (1 g/ml). After completing staining, the oocytes were again exposed to a 1.3% (w/v) formaldehyde solution in PBS (pH 7.4) for 30 min at room temperature. Finally, the oocytes were cautiously embedded in Vectashield mounting medium (Vector Labs) between two coverslips in such a way that their three-dimensional structure was maintained. Controls included (1) omission of biotinylated lectin to exclude lectin-independent signal generation and (2) preincubation of galectins for 60 min at 4°C with a mixture of the glycoprotein asialofetuin (ASF; 1 mg/ml) and 100 mM lactose, potently inhibiting carbohydrate-dependent cell surface staining Leyden et al. 2009 ), to ascertain carbohydrate-inhibitable binding.
Confocal laser scanning microscopy
Stacks of optical serial sections (optical thickness 1 m) were recorded using a confocal laser scanning microscope (LSM 510 Meta; Zeiss, Göttingen, Germany) equipped with a 40 £ PlanNeoXuar oil immersion objective (NA 1.3). For excitation of DAPI, Xuorescein/FITC and TRITC, laser lines of 364, 488 and 543 nm were used. The resulting Xuorescence emissions were detected by using emission bandpass Wlters of 385-470 nm (DAPI), 505-530 nm (FITC) and 560-615 nm (TRITC), respectively. The confocal pinhole size was set to 1 Airy unit. For three-dimensional imaging of an oocyte in toto including the ZP, an average of 150 optical serial sections (pixel size = 125 £ 125 nm, axial distance = 1 m) was acquired. At each section plane, the signals emitted from the three Xuorochromes were sequentially recorded and stored as 8-bit greyscale images, which were analysed using ImageJ software (National Institutes of Health, Bethesda, MD, USA).
Results and discussion
Technical controls
Confocal laser scanning microscopy aVords the monitoring of signals with high spatial resolution and the build-up of a three-dimensional view on epitope distribution. In order to properly exploit these attractive technical possibilities, we set rigorous quality standards for the reagents. In detail, we ascertained purity of the lectins as well as maintenance of their activity and glycan selectivity (please see also Table 1) . The galectins were then routinely tested at concentrations ensuring nearly complete inhibition of binding by cognate glycans (please see below). Furthermore, stringent criteria for the selection of the study material and its handling were imposed. Special care was given to maintain the structural integrity of the GV oocytes, as illustrated in Fig. 1a . Fully grown bovine oocytes are about 120 m in size, tightly enclosed by the ZP, which is composed of the inner CL of about 12-m thickness and the SFM, extending to about 3 m. Single confocal sections through the centre of the oocytes provided a way to map the radial proWles of Xuorescence intensities across the ZP. As exemplarily documented in Fig. 1b , this technical approach enabled to reveal marked diVerences in this respect. Moreover, serial optical sections enabled threedimensional mapping of lectin-binding sites (Fig. 1c) . These examples document the potential of confocal laser scanning microscopy to characterise lectin-staining properties of GV oocytes. As mentioned in the introduction, we Wrst determined these features for the plant lectins listed in Table 1 .
Glycophenotyping with plant lectins
Previous experiments on inhibition of sperm-ZP binding by MAA-I and enzymatic 2,3-desialylation (Velásquez et al. 2007 ) had raised the expectation that N-glycans with such termini should be readily accessible. In that study, uniform binding of MAA-I throughout the ZP was found by transmission electron microscopy (Velásquez et al. 2007 ), making the analysis of MAA-I binding an intriguing test case. Monitoring the staining in confocal sections and constructing the surface view indeed yielded positivity in the coarse outer layers of the SFM (Fig. 2a, aЈ) . Overall, MAA-I reactivity was seen in the entire SFM with marked polarity due to a large area of reduced intensity and, of note, also in the outer margin of the CL (Fig. 2a , aЈ, Table 2 ). Establishing an inherent speciWcity control, the main inner part of the CL as well as the GV membrane and cytoplasm were completely free of staining ( Fig. 2a ; Tables 2, 3) . Evidently, the distribution of MAA-I-reactive determinants showed qualitative diVerences in the CL (Table 2) . Since the population of complex-type N-glycans may also include sialic acidfree and 2,6-sialylated chains besides presence of terminal 2,3-sialylation (note: MAA-I exclusively reacts with 2,3-sialylated type II LacNAc cores according to Knibbs et al. 1991) , we proceeded to test further lectins with in part overlapping binding properties to identify such structures and map their spatial distribution.
In order to trace N-glycans with 2,6-sialylation/without sialylation, we next determined the staining proWle of VAA (for sugar speciWcity, please see Table 1 ). SpeciWc binding was consistently seen, topologically overlapping with MAA-I in the inner layers of the SFM and outer margin of the CL (Table 2 ). The diVerences obtained provide a clear Fig. 2 Three-dimensional glycophenotyping of GV oocytes and the ZP with labelled plant lectins (for technical details, see Fig. 1 ). a-d Each panel presents a single optical section through the centre of an oocyte: DAPI-stained chromosomes (blue) indicating the GV stage and phalloidin-labelled F-actin (white) demarcating the oocyte cortex and CCPs are shown in the Wrst column, lectin staining in the second column. aЈ-cЈ Staining of the inner and/or outer SFM is documented by maximum intensity Z-projections from serial optical sections (see Fig. 1 ). The boxed areas are also presented at a higher magniWcation. dЈ Z-projections of DAPI/phalloidin labelling (left) and lectin Xuorescence (right). a, aЈ MAA-I intensely labelled the Wne inner and course outer layers of the SFM (an area of reduced intensity is marked by an asterisk) as well as the outer margin of the CL. b, bЈ VAA predominantly bound to the Wnely structured inner part of the SFM and the outer margin of the CL. c, cЈ SNA stained the entire SFM, but not the CL. An area of reduced signal intensity in the SFM, as noted in A, was also apparent here (asterisk). d, dЈ SBA selectively disclosed large, irregularly shaped structures in the oocyte periphery, whereas no signals were recorded in the ZP. Scale bars 100 m (overview images) or 10 m (enlarged views) indication for a zonal segregation of distinct glycan epitopes, hereby underscoring the technical capacity of the applied technique. In detail, VAA predominantly bound to the Wnely structured inner part of the SFM, the outer margin of the CL and its inner part with decreasing intensity towards the inner margin of the ZP ( Fig. 2b; Table 2 ). Of particular importance, the coarse outer SFM layers were negative (Fig. 2b) , whereas reticulo-granular positivity was seen in the GV oocytes (Table 3) , both in contrast to MAA-I. Because VAA is hardly reactive with 2,3-sialylated galactosides but tolerates 2,6-sialylation (Galanina et al. 1997) , this result indicates presence of chains either with this type of branch-end substitution or sialic acid-free termini. Biochemical assays with neoglycoproteins actually quantitated the aYnity of VAA to these forms for biantennary N-glycans with core fucosylation obtained by chemoenzymatic synthesis (Unverzagt et al. 2002) . Parallel testing with a probe of enhanced selectivity for 2,6-sialylated N-glycans, i.e. Sambucus nigra agglutinin (SNA) ( Table 1) , helps to distinguish between presence of 2,6-sialylation and sialic acid-free LacNAc termini.
Binding of SNA was conWned to the SFM, with marked polarity due to a large area of reduced intensity (Figs. 1b, c , 2c, cЈ; Tables 2, 3). The CL was consistently devoid of reactivity, in contrast to MAA-I and VAA. It thus appears to harbour N-glycans without sialylation or with 2,3-sialylation, whereas the coarse outer layers of the SFM appear to contain mostly sialylated N-glycans, not reactive with galactoside-binding VAA. In order to trace cross-reactivity of SNA with Tn-like clusters, we added a control using soybean agglutinin (SBA), which targets this glycotope (Table 1) . No staining with SBA was obtained in the CL/ SFM but signals were registered in the ooplasm (Fig. 2d,  dЈ ; Tables 2, 3) , hereby excluding such a cross-reactivity (as speciWcity control) and conWrming absence of mucintype O-glycans in the ZP. Since SBA is also known to bind the blood group Sd a /Cad antigen (Kilpatrick and Green 1992) , which is present in N-and O-glycans of murine ZP glycoproteins and bovine pregnancy-associated glycoproteins (Easton et al. 2000; Klisch et al. 2008) , an occurrence of this antigen in bovine ZP glycoproteins appears rather unlikely. Having herewith documented presence of 2,3/ 2,6-sialylation by MAA-I/SNA in the two SFM parts, we added tests to our study with wheat germ agglutinin (WGA), used in conjunction with its succinylated derivative (sWGA) to track down speciWc binding to sialic acids (Table 1) . Interestingly, this monitoring resulted in rather weak signals in the SFM, with no major diVerence in intensity between WGA and its variant (Table 2) . Increased extent of staining was recorded in the CL, especially strong in the inner part, which was free of signals for MAA-I/SNA reactivity (Fig. 1b, c) . Backed by the detectable reactivity (Table 1) . In aggregate, the diVerent versions of N-glycan branch ends are non-randomly presented. VAA binding also indicated presence of non-sialylated complex-type chains, especially in the CL, which lacks SNA reactivity. Besides underscoring the merits of plant lectin application for glycophenotyping, these results indicate that candidate N-glycans for galectin binding, that is non-sialylated/ 2,3-sialylated or 2,6-sialylated with LacNAc repeats (Sparrow et al. 1987; Ahmad et al. 2002; Hirabayashi et al. 2002) , are present in the ZP, in part in distinct compartments. Given the illustrated technical possibilities, detecting inter-galectin disparities will be possible, underscoring the relevance of this model for a comprehensive analysis. Testing the galectin panel under identical conditions in this system will therefore resolve the issue as to whether galectins share a certain staining proWle or display diVerential reactivities. Toward this end, the galectin concentration routinely applied was kept constant to enable direct comparison.
Glycophenotyping with galectins
This systematic monitoring resulted in mapping the individual staining patterns (Tables 4, 5 ). In principle, galectins were reactive to ZP glycans, and false-negative results were rigorously excluded by Xanking solid-phase/cell assays with inhibition controls. As seen in Tables 4 and 5, our comparative analysis identiWed marked inter-galectin diVerences. Despite common binding to the pan-galectin ligand LacNAc and also its 2,3-sialylated derivative, the selection of natural ligands is apparently modulated by factors beyond mere presence of a suitable epitope. It is already known from tumour cell models that only few from the wide panel of extracellular matrix and cell surface glycoproteins, e.g. Wbronectin and its receptor 5 1 -integrin, appear to be galectin counter-receptors (Gabius 2006) . The limited complexity of glycoprotein display is clearly a major advantage of the bovine ZP as test system. Examining the data obtained in detail, diVerences emerge between galectins and even within their three subgroups based on structural classiWcation given in the introduction, as seen e.g. among the homodimeric (proto-type) galectins. Both galectins-1 and -2 were reactive with the CL but not the SFM as well as also with reticulo-granular structures in ooplasm, the oolemm and the GV membrane ( Fig. 3a ; Tables 4, 5 ). In contrast, galectin-7, which was ascertained to be active as lectin, failed to stain all these structures (Fig. 3b) . This lectin, also called p53-induced gene 1, can in principle home in on glycans on cell surfaces. For example, it acts as growth regulator by binding ganglioside GM1, with equal potency compared to galectins-1 and -2, on neuroblastoma cells . The observed lack of reactivity in this system can reXect the reduced aYnity of galectin-7 relative to galectin-1 (and also galectin-3) for 2,3-sialylated LacNAc and for LacNAc repeats 
Gal-9 N --++++ ++++ (Ahmad et al. 2002) . The occurrence of 2,6-sialylation in multi-antennary N-glycans, too, can be considered in this respect. It is a negative factor for glycoprotein binding in the cases of two proto-type chicken galectins, also observed for human galectin-3 (Wu et al. 2007; Krzeminski et al. 2011) . Histopathologically, galectins-1 and -7 are known to be subject to inverse localisation shifts, intimating potential for a functional divergence in special systems (Saussez et al. 2008) . At this stage, we thus have revealed galectin reactivity in two cases and a clear intra-group diVerence.
Testing the chimera-type galectin-3 led to a pattern similar to that of galectins-1 and -2, including the gradient of staining towards the inner border of the ZP (Figs. 1b, 2c) . The rather equal aYnity of galectins-1 and -3 to 2,3-sialylated lactose and LacNAc repeats present in these N-glycans (Sparrow et al. 1987; Ahmad et al. 2002; Rapoport et al. 2008) can underlie this similarity. Fittingly, there is functionally relevant competition between galectins-1 and -3 for the same glycans on tumour cell surfaces (Kopitz et al. 2001; Sanchez-Ruderisch et al. 2010) . Serine phosphorylation in the N-terminal region of galectin-3 did not alter the staining properties (Fig. 3d) . This result adds experimental support to the available evidence of its lack of eVect on carbohydrate-binding activity (Kübler et al. 2008; Szabo et al. 2009 ). However, this posttranslational modiWcation can have capacity to enhance target selectivity in special instances. Serine phosphorylation had conveyed local enhancement of glycoprotein L1 association to membrane-actin linker proteins ezrin-radixin-moesin and Thy-1-rich membrane microdomains in the course of induction of axon branching by the lectin (Diéz-Revuelta et al. 2010 ). In our test system, no diVerence in staining distribution and intensity compared to non-phosphorylated galectin-3 was seen (Fig. 3c, d ). Next, we tested another physiological form of galectin-3, explicitly the one after the removal of the collagenase-sensitive stalk, yielding truncated galectin-3. The proteolytic trimming does not aVect the aYnity to LacNAc (Dam et al. 2005) . Nonetheless, this natural variant apparently lost its reactivity with the ZP N-glycans ( Fig. 3e; Tables 4, 5) . Although the carbohydrate recognition domain is still active as lectin, its activity for glycan binding was not suYcient to result in a signal under these conditions. In accord with previous work examining association with tumour cell surfaces in vitro and with multivalent ligands, truncation is assumed to negatively aVect the binding topology by impairing galectin-3 oligomerisation via its N-terminal stalk (Kopitz et al. 2001 Ahmad et al. 2004) . When in summary comparing galectin-3-dependent staining properties, there is substantial similarity to the proto-type galectins-1 and -2 in the ZP. As internal speciWcity control, galectin-3 was yet not reactive with any structures in the GV oocytes (Table 5) , disclosing a disparity. Having herewith mapped ZP/oocyte reactivity with proto-/chimera-type galectins, we Wnally tested tandemrepeat-type galectins.
In vivo, natural proteolytic processing can also work on the tandem-repeat-type galectins, in this case generating the two separate domains by cleavage in the linker region (Nishi et al. 2005) . This is why we added an engineered form without linker peptide (for galectin-4) and the puriWed N-domain (for galectins-4, -8 and -9) to our test panel (Tables 4, 5) . The Wrst member of this structural category of galectins, i.e. galectin-4, is known for its crucial role in apical delivery of glycoproteins in the model of enterocytic 
Score for staining intensity: ¡ Negative, + Very weak, ++ Weak, +++ Moderate, ++++ Strong, +++++ Very strong a Labelled with biotin, concentration = 10 g/ml Fig. 3 Three-dimensional glycophenotyping of bovine GV oocytes and the ZP with labelled galectins (for technical details, see Fig. 1 ). The panels are arranged according to the classiWcation of galectins (Gal-1 to Gal-9) into three groups, starting with two homodimeric proto-type proteins (a, b), next the chimera-type galectin-3 (c, e) and Wnally three tandem-repeat-type proteins with galectins-4, -8 and -9 (f-j). All panels except (hЈ, iЈ, jЈ) present single optical sections through the centre of an oocyte (see Fig. 2 ). hЈ, iЈ, jЈ Staining of the inner and/or outer SFM is documented by maximum intensity Z-projections (see Fig. 1 ). The boxed areas are also presented at a higher magniWcation. a, aЈ Gal-1 bound to the CL of the ZP; (aЈ) enlarged detail (left: transmission scan image) showing reticulo-granular staining of the peripheral ooplasm and demarcation of the oolemm (arrow) and the GV membrane (arrowhead). b No speciWc signals were obtained with the closely related Gal-7. c-e Three forms of Gal-3 were tested: (c) fulllength Gal-3, (d) its phosphorylated derivative (pGal-3) and (e) the proteolytically truncated version (trGal-3). In the CL of the ZP, very similar binding patterns were obtained with Gal-3 and pGal-3, no staining was seen with trGal-3. f-j Three tandem-repeat-type galectins were tested. f, fЈ Gal-4 predominantly bound to the outer margin of the CL and gave a reticulo-granular staining of the ooplasm; (fЈ) enlarged detail from another oocyte showing labelling of the GV membrane (arrow). g No speciWc signals were obtained with the N-terminal domain of . h, hЈ Gal-8 intensely stained both the Wnestructured inner part (left box) and the coarse outer layers (right box) of the SFM. i, iЈ Gal-9 demarcated only the Wne-structured inner portion of the SFM. j, jЈ The N-terminal domain of Gal-9 (Gal-9 N) additionally targeted the coarse outer layers of the SFM. An area of reduced signal intensity in the SFM (asterisk) was characteristic for staining by Gal-8/Gal-8 N as well as Gal-9/Gal-9 N. Controls for the extent of carbohydrate-inhibitable staining using a mixture of lactose and asialofetuin are shown for Gal-8 (hЉ), Gal-9 (iЉ) and Gal-9 N (jЉ). Scale bars 100 m (overview images) or 10 m (enlarged details)
HT-29 cells involving N-glycan binding Stechly et al. 2009 ). An intracellular signal in this case thus has a functional precedent. The reticulo-granular staining that we detected in the ooplasm and delineation of the GV membrane, as documented in Fig. 3f , fЈ, was dependent on the presence of both domains but not on the presence of the linker peptide (Table 5) . Application of the separate N-domain consistently failed to yield any staining, in the oocyte as well as in the ZP, thereby disclosing the requirement for the C-domain and/or cross-linking. In the SFM, however, no staining was seen for all three protein derivatives ( Fig. 3f, fЈ ; Table 4 ). Overall, the staining proWle of this tandem-repeat-type galectin (and its proto-typelike engineered variant) rather followed the patterns for galectins-1 and -2 (Tables 4, 5 ). Importantly, a completely diVerent proWle was seen for tandem-repeat-type galectins-8 and -9, both sharing the tandem-repeat design with galectin-4. These two galectins were strongly reactive with the SFM but not the CL and did not stain GV oocytes (Tables 4, 5 ). In consequence, deWnitive evidence is provided for pronounced diVerences in reactivity among galectins. The SFM rich in 2,3/6-sialylation based on MAA-I/SNA binding is the preferential target for galectins-8 and -9 but not the other tested protein of this family. Galectin-8 intensely stained the Wne-structured inner layer and the coarse outer layer of the SFM (Fig. 3h,  hЈ) , this reactivity completely abolished by cognate glycoinhibitors (Fig. 3hЉ) . Its N-domain retained reactivity but at a reduced level (Table 4) . Since galectin-8 interacts well with 2,3-sialylated glycans (Hirabayashi et al. 2002; Ideo et al. 2003; Stowell et al. 2008; Solís et al. 2010 ) and since its staining proWle was found to closely resemble that of MAA-I, this galectin apparently has a preference for such epitopes in the N-glycans. Despite the sequence homology galectins-1 to -4 did not share this property and galectin-9 was selective to react with the Wne inner layers of the SFM (Fig. 3i, iЈ) , completely inhibitable by glycoinhibitors (Fig. 3iЉ) . Its N-domain applied at the same concentration as the full-length protein yet also reacted strongly with the outer layers in a carbohydrate-dependent manner (Fig. 3j , jЈ, jЉ; Tables 4, 5). That aYnity diVerences to monosialylated biantennary N-glycans between galectin-9 and its N-domain (Hirabayashi et al. 2002) come into play here is a reasonable assumption. As observed for MAA-I and SNA (see above), a large area of markedly decreased signal intensity in the SFM (asterisk) was characteristic for Gal-8/ Gal-8 N (not shown) as well as Gal-9/Gal-9 N (Fig. 3i, j) .
Conclusions
Our aim was to advance the application of human galectins as tools for glycophenotyping by a detailed comparison of their staining properties. Technically, confocal laser scanning microscopy was used. The selected test model bears the advantages of (1) a restricted complexity in terms of protein and glycan diversity, explicitly with ZP proteins and core-fucosylated bi-to tetraantennary N-glycans without/with 2,3/6-sialylation and LacNAc repeats, and (2) absence of endogenous lectins, which could block access to glycans causing false-negative results. In the Wrst part of this study, the presented plant lectin staining validated technical aspects and revealed zonal glycan segregation within the ZP. Of note, presence of 2,3-sialylation on the ZP surface was documented. The following detailed comparison of a total of 13 galectin proteins underscored the potential of applying them as tools to glycan monitoring in an extracellular matrix meshwork. The data obtained disclosed similarities between galectins-1, -2, -3 and -4 as well as marked diVerences to galectin-7 and to galectins-8 and -9. Proteolytic events, either truncating the N-terminal stalk (galectin-3) or cleaving the linker peptide of galectins-4 and -8 harmed binding activity. Despite the common reactivity to -galactosides, the reason for coining the term 'galectin' and a common theme in galectinomics (Cooper 2002) , and despite the similar size of the proteins, the processing with this galectin panel under identical conditions yielded distinct reactivity proWles. Topological factors of glycan presentation such as local density and the status of sialylation are assumed to be sensed by these closely related probes, giving further research on aYnity measurements with deWned glycoproteins or cell models a clear direction. Equally important, our data support the concept for a potential of galectins as histochemical tools and thus encourage further comparative cyto-and histochemical analysis with a panel as illustrated herein.
